The human apolipoprotein E (APOE) gene plays an important role in lipid metabolism. It has three common genetic variants, alleles 12/13/14, which translate into three protein isoforms of apoE2, E3 and E4. These isoforms can differentially influence total serum cholesterol levels; therefore, APOE has been linked with cardiovascular disease. Additionally, its 14 allele is strongly associated with the risk of Alzheimer's disease (AD), whereas the 12 allele appears to have a modest protective effect for AD. Despite decades of research having illuminated multiple functional differences among the three apoE isoforms, the precise mechanisms through which different APOE alleles modify diseases risk remain incompletely understood. In this study, we examined the genomic structure of APOE in search for properties that may contribute novel biological consequences to the risk of disease. We identify one such element in the 12/13/14 allele-carrying 3 ′ -exon of APOE. We show that this exon is imbedded in a well-defined CpG island (CGI) that is highly methylated in the human postmortem brain. We demonstrate that this APOE CGI exhibits transcriptional enhancer/silencer activity. We provide evidence that this APOE CGI differentially modulates expression of genes at the APOE locus in a cell type-, DNA methylation-and 12/13/14 allelespecific manner. These findings implicate a novel functional role for a 3 ′ -exon CGI and support a modified mechanism of action for APOE in disease risk, involving not only the protein isoforms but also an epigenetically regulated transcriptional program at the APOE locus driven by the APOE CGI.
INTRODUCTION
The apolipoprotein E (APOE) gene and its protein product (apoE) play a key role in lipid metabolism, including the redistribution of lipoproteins and cholesterol. The liver produces the majority of circulating apoE that binds lipids and interacts with cell-surface membrane receptors to initiate cellular uptake of lipoprotein particles by the liver and other tissues (1) . ApoE is also abundantly present in the central nervous system (2) , where it promotes the transport of lipids to and from damaged neurons and thereby conducts important functions in neuronal maintenance, repair and homeostasis (3, 4) .
The APOE has been implicated in multiple diseases. Human apoE is a polymorphic protein, and the presence of either arginine or cysteine at amino acid positions 112 and 158 defines three common isoforms: E2, E3 and E4, which are encoded by the In order to decipher APOE 12/13/14 alleles' role in AD risk, mainstream research has focused on apoE isoform-specific differences in protein structure and function for the past two decades. Numerous hypotheses have been proposed for how apoE4 might increase the risk of AD, including Ab aggregation and clearance (17, 18) , apoE protein domain interaction and neurotoxicity (19) , neuroprotection (3, 20) , neuroinflammation (21) , tau hyper-phosphorylation (22) , apoE expression levels (23) and lipidation states (24) . However, the precise mechanism(s) by which the APOE 14 allele exerts its detrimental effect in AD remain elusive. For example, subjects who inherit the 14 allele produce apoE4 protein early in development, yet the apoE4 isoform appears not to manifest any detrimental biological consequences until later in life. The presence of the 14 allele is not necessary for AD (25) but instead modulates the risk for development of AD (26) , and some individuals who inherit 14 remain cognitively normal past 90 years of age (27, 28) . Even individuals with the rare 14/14 homozygous genotype have, on average, a .50% chance of escaping AD (29) , indicating that the 14 allele and thus the E4 isoform alone is not sufficient to cause AD. Nevertheless, this 14 allele has been consistently identified as the strongest genetic risk factor for developing late-onset AD in multiple studies and across many ethnic groups. Thus, there is a strong reason to deduce that APOE and its 14 allelemay play a pleiotropic role in AD, carrying additional functions distinct from its role as a coding template for the protein. Indeed multiple studies, including our own, have suggested the involvement of APOE in a complex transcriptional regulatory network that might ascribe to AD risk (30) (31) (32) (33) (34) .
In this study, we inspected the genomic structure of APOE to search for elements that may contribute biological consequences, independent of apoE protein function. We identified a candidate element, a CpG island (CGI) located in the 3 ′ -coding region of the APOE. We first investigated the epigenetic properties of this CGI by assessing its DNA methylation status in human postmortem brain (PMB) tissues. We then explored the function of this CGI by reporter assays to test its transcriptional regulatory activity. Finally, we used PMB and isolated brain cells from an APOE mouse model to validate this CGI's function in vivo.
RESULTS

A 3
′ -exon CGI is an integral epigenetic component of APOE
We applied in silico analysis to study the genomic features of the APOE region, using the UCSC Human Genome Browser (http:// genome.ucsc.edu). Notably, whereas the APOE promoter does not contain a CGI, a single well-defined genic CGI coincides with APOE 3 ′ -exon (Fig. 1A ). This APOE CGI extends across 880 bp (hg19, chr19: 45 411 721-45 412 600; Fig. 1B ), from intron 3 to the 3 ′ -untranslated region of exon 4, which contains 90 CpG dinucleotides and carries a CG content of 72.8% with an observed-to-expected CpG ratio of 0.77. All of these features clearly surpass stringent cutoff criteria for CGI classification (35) ( Table 1 ), indicating that this APOE region is a bona fide CGI. This CGI is also conserved in other mammals, including (Fig. 1B) . Furthermore, when compared with 12 and 13, the 14 allele introduces one additional CpG dinucleotide into this CGI and further saturates a small 12 bp region with four CpG sites; in contrast, the 12 allele reduces one CpG and opens up a 34 bp CpG-free region ( Fig. 1B and C) . Because CGIs are highly enriched with CpG dinucleotides, and CpG sites are natural targets for DNA methylation, we assessed the methylation levels with single CpG site resolution across the APOE CGI. Using bisulfite Pyrosequencing, we quantified the percentage of methylation at 75 individual CpG sites (#11 -85) in genomic DNA isolated from multiple human tissues (i.e. cerebellum, hippocampus, frontal lobe, temporal lobe and whole-blood lymphocytes) from nine AD and six age-matched control subjects (Supplementary Material, Table S1 ). Methylation levels were generated from 68 CpG sites with at least a 97% sample completion rate, the remaining 7 CpG sites had a completion rate slightly ,80% due to lower quality of data generated by extended Pyrosequencing length from the priming site. The quality of the methylation quantification data was further assessed and validated by both experimental and technical replications (Supplementary Material, Fig. S1 ). All sites tested were highly methylated with mean methylation levels ranging from 54 -100% at individual CpG sites ( Fig. 2A) . Methylation profiles were similar among all tissues tested with consistent up/down patterns between single CpGs ( Fig. 2A and Supplementary Material, Fig. S2 ), suggesting a stringently regulated methylation and de-methylation mechanism at the level of individual CpG sites. Conversely, the overall degree of methylation varied noticeably across tissues (Fig. 2B) , with all five tissue types differing significantly from each other (linear mixed effects model with Holm adjustment, P , 10 210 for all 10 pair-wise comparisons). The average methylation levels across all 75 CpG sites were lowest in frontal (76.9 + 9.1%) and temporal lobes (78.9 + 8.4%), with hippocampal (84.8 + 8.4%) levels in the intermediate range and the highest levels in the cerebellum (90.8 + 8.7%) and lymphocytes (92.8 + 7.4%).
Such a high methylation pattern was also observed in the 14 allele (the 'C' variant of SNP rs429358), which is located between CpG sites 21 and 22, with average methylation levels of 68% in the frontal lobe, 82% in the temporal lobe, 83% in lymphocytes, 84% in the hippocampus, and 93% in the cerebellum (Supplementary Material, Fig. S2 ). Because the 13 allele does not contain a CpG dinucleotide and cannot be methylated, the average percentage of methylation at this rs429358 SNP site was expectedly low in all tissues and was excluded from the CGI methylation profile analyses. Additionally, given the strong connection between APOE and AD, we extended our analysis to assess whether AD subjects have different APOE CGI methylation profiles compared with control subjects. Whereas methylation levels of several individual CpG sites were nominally statistically different between AD and controls in some tissues, significance was not maintained after correcting for multiple comparisons (except for the single case of CpG site 82 in the hippocampus, Holm-adjusted P , 0.001), and the mean methylation levels across all sites were not statistically different between the two groups. Nevertheless, such negative result might be due to the small sample size (n ¼ 9forADand6forcontrol) of this study. Future study with an expanded sample size should provide a more definitive conclusion. Together, these data indicate that the APOE 3 ′ -exon 4 is a well-defined CGI carrying a high level of DNA methylation in human brain tissues, and that the residing 12/13/14 allele variants can alter the CpG load and methylation landscape of this CGI.
The APOE CGI can function as an enhancer of transcription
The presence of a CGI overlapping with the 3 ′ -exon of a gene (3 ′ -CGI), such as the APOE CGI, is extremely rare in the human genome (36) , and the functions of these 3 ′ -CGIs are largely unknown. Since CGIs are a critical element of the genome and the APOE CGI is highly conserved in mammals, we reasoned that this APOE CGI could be contributing novel effects to disease. Thus, we extended our study to decipher the biological function(s) of this CGI. Our previous studies have identified an extended region of the APOE locus in tight linkage disequilibrium with the 12/13/14 alleles (37). This region consists of specific transcriptional regulatory haplotypes, influencing the expression levels of APOE in both cerebrospinal fluid (CSF) and PMB (33, 34) . Moreover, an 14 allele-carrying fragment with potential enhancer activity was previously reported in a study from Chen et al. (31) . These findings suggest the presence of a complex transcriptional regulatory network at the APOE locus, in which the APOE 12/13/14 alleles likely play a direct role. Thus, we hypothesized that the APOE CGI is a transcriptional regulatory element and designed both ex vivo and in vivo experiments to test this putative activity.
We first applied a pGL4-luciferase-based reporter system, in a cell-based transient assay, to evaluate the baseline un-methylated enhancer activity of the APOE CGI on the promoters of APOE and TOMM40. Previously, we identified three common APOE and TOMM40 promoter haplotype variants that influenced expression in human subjects (32) . In this study, those promoter variants were cloned into the promoter position of reporter constructs, and a partial APOE CGI fragment (491 bp with 12/13/14 allele variants) was inserted after the 3 ′ -end of the luciferase gene (Fig. 3A) . To assess effects in diverse cellular microenvironments, we evaluated luciferase expression in three human cell lines, HepG2 (hepatocytoma cells), SH-SY5Y (neuroblastoma cells) and U118 Constructs were transiently transfected into three cell lines (HepG2, SH-SY5Y and U118). Luciferase activity of each construct was measured and compared with its promoter-only construct counterpart (set at 1.0). Each reporter activity was generated from five experimental replicates. Expression levels between constructs were compared by one-way ANOVA [APOE promoter: HepG2,
. Pair-wise comparisons were made with a post hoc Bonferroni test ( * P , 0.05, * * P , 0.01, * * * P , 0.001).
(astrocytoma cell). Hepatocyte and astrocyte cell lines were selected because both cell types are known to synthesize apoE, and we chose a neuronal cell line because of the clear association between AD and neuronal dysfunction. In these experiments, reporter constructs with the same promoter but different 12/13/14 CGI variants expressed diverse luciferase activities, which were further altered by the cell type. For example, among the APOE promoter constructs, the APOE P1 and P3 promoters were enhanced by all three APOE CGI variants in HepG2 cells when compared with promoter-alone constructs (set at 1.0), and the highest reporter activity ( 2-fold increase) was observed with the P3-14 haplotype (Fig. 3B , left upper panel). In contrast, all three APOE CGI variants failed to enhance the APOE P2 promoter in HepG2. In SH-SY5Y, only modest non-significant enhancement by the three APOE CGI variants was observed regardless of APOE promoters, peaking with a 1.4-fold increase in luciferase activity with the APOE P3-12 haplotype (Fig. 3B , middle top panel). This P3-12 haplotype also produced the highest level of reporter activity in the U118 cells ( Fig. 3B , right top panel). Among the TOMM40 promoter constructs, the P1-14 haplotype in both HepG2 and SH-SY5Y cells showed the largest increase in luciferase activity ( 1.4 and 1.8-fold respectively), a difference that was statistically significant compared with several of the other haplotypes [ Fig. 3B , left bottom and middle bottom panels, analysis of variance (ANOVA): HepG2, P ¼ 0.001; SH-SY5Y, P , 0.001]. Conversely, all of the P2-and P3-related TOMM40 promoter constructs resulted in a .50% reduction in activity in SH-SY5Y cells. Similarly in both HepG2 and U118 cells, most haplotype constructs failed to reach the basal activity level of the promoter-alone constructs (set at 1.0). Remarkably, these results also suggest that the 14 variant of the APOE CGI is able to function modestly as an enhancer on the TOMM40's P1 promoter variant in all three cell types, but in the majority of cases the TOMM40 promoter is down-regulated by the APOE CGI. Thus, the APOE CGI can influence TOMM40 promoter activity in either a positive (enhancer) or a negative (silencer) manner, based on the overall haplotype structure. This silencer effect was not observed in APOE promoter constructs, suggesting a broader impact of the APOE CGI on TOMM40 than APOE.
Because the APOE CGI is highly methylated in human PMB and biological effects of CGIs can be modified by DNA methylation, we further evaluated the enhancer activity of the methylated APOE CGI using a pCpG-free alkaline phosphatase (AP) reporter system (Fig. 4A) . This pCpG-free promoter vector was specifically engineered by removing and replacing all the CpG dinucleotides so that DNA methylation would not influence the vector's rooted functions. The lack of CpGs within the vector restricted the in vitro CpG methylation to the inserted fragment only. For this pCpG-free vector-related reporter construct, we inserted a 1483 bp APOE CGI fragment into the 5 ′ site of the vector's native promoter hEF-1a (Fig. 4A ). Six variants of the fragment including both forward and reverse orientations of the three 12/13/14 allele variants were separately cloned. The APOE CGI of these constructs was then methylated in vitro, and both methylated and un-methylated versions of the same construct were generated. AP expression of these constructs was then evaluated in three human cell lines (i.e. HepG2, SH-SY5Y and U118). ′ of the hEF-1 promoter. (B) The APOE CGI was either methylated by DNA methyltransferase treatment (methylation section) or left un-methylated and transiently transfected into three cell lines (HepG2, SH-SY5Y and U118). AP activity of each construct was measured and compared with its promoter-only construct counterpart (set at 1.0). Each reporter activity was generated from five experimental replicates. Expression levels between constructs were compared by one-way ANOVA [Forward: HepG2, F(5, 78) ¼ 0. 54 Increased AP activity was observed for all constructs with addition of the APOE CGI when compared with promoter-alone constructs (set at 1.0), regardless of methylation status and orientation (Fig. 4B) . When stratified by orientation and methylation status, we observed an altered AP activity associated with specific allele and cell types. For example, in SH-SY5Y cells, the forward methylated 13 CGI showed elevated enhancer effects, compared with its un-methylated counterpart (Fig. 4B , middle top panel, Bonferroni, P ¼ 0.046). A similar effect was seen in the methylated 14 CGI, yet this difference did not reach statistical significance (Fig. 4B , middle top panel, Bonferroni, P ¼ 0.538). Furthermore, elevated AP activity was observed in the forward orientation for the methylated 13 and 14 CGIs compared with the methylated 12, in both SH-SY5Y and U118 cells. (Fig. 4B , middle top and right top panels, ANOVA: SH-SY5Y, P , 0.001; U118, P ¼ 0.004). In contrast, in the reverse orientation, the un-methylated 12 CGI has significantly higher activity than the un-methylated 14 in U118 cells (Fig. 4B , right bottom panel bottom section, Bonferroni, P ¼ 0.017). These results suggest that the methylation status and orientation of the fragment also modify the functions of this CGI.
To evaluate the APOE CGI's enhancer activity in vivo, we employed a humanized APOE mouse model (38) . These targeted replacement mice, 'humanized' at the murine APOE gene, have genomic structures similar to humans at the murine APOE locus (Fig. 5A ). Primary cultures of astrocytes or neurons were prepared from the 12/13/14 variants of mice, and total RNA was isolated. We then performed quantitative real-time polymerase chain reaction (qRT-PCR) to obtain messenger RNA (mRNA) expression levels of the human APOE transgene and its upstream murine TOMM40 gene. In general, the 14 and 13 mice have lower APOE expression levels in both neurons and astrocytes when compared with the 12 mice (Fig. 5B, top panels) . In contrast, the 14 mice have higher TOMM40 expression levels in neurons when compared with the 13 mice [Fig. 5B , bottom panels, Tukey's honestly significant difference (HSD) test P , 0.05]. These animals were derived from the same inbred line with one solitary genetic difference (the 12/13/14 alleles) located in the CGI of the human APOE transgene. Thus, these results suggest that the 12/13/14 alleles alone can alter the expression of both APOE and TOMM40 genes. Such an allelic effect could be well explained by allele-dependent enhancer activity of the APOE CGI in the transgene. Notably, the APOE CGI is also highly methylated in these brain cells (data not shown), implying that, in vivo, the highly methylated APOE CGI still retains its enhancer activity.
To determine whether APOE CGI methylation levels influence gene expression at the APOE locus, we assessed the mRNA expression levels of APOE and TOMM40 in PMB tissues. Overall, APOE was more highly expressed than TOMM40 (APOE average
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, with input of 20 ng total RNA), and its expression was significantly higher in the cerebellum compared with frontal and temporal lobes (Fig. 6A ). This result is comparable with our previous study, which showed a non-significant trend of higher APOE expression in cerebellum compared with other brain tissues (34) . A similar pattern was observed in TOMM40, with significantly higher expression levels in the cerebellum compared with other brain regions (Fig. 6B) . Given the observed similarity between relative APOE CGI methylation levels (Fig. 2) and expression of APOE locus genes across brain regions, we ran a Pearson correlation to determine their relationship. A positive trend was observed between mean percentage of methylation of the APOE CGI and APOE expression when all samples and brain regions were analyzed together, although it did not reach the cutoff value of statistical significance (Fig. 6C , r ¼ 0.219, n ¼ 58, P ¼ 0.098). A similar positive corrleation was observed for TOMM40 expression which was found to be statistically significant (Fig. 6D , r ¼ 0.347, n ¼ 59, P ¼ 0.007). These results suggest that APOE and TOMM40 mRNA expression in the brain are positively correlated with methylation levels of the APOE CGI.
Together, these independent experiments and data strongly support the notion that the APOE CGI can function as a transcriptional enhancer/silencer, and can differentially modulate the promoter activity of multiple genes at the APOE locus in a cell type-, methylation level-and 12/13/14 allele-specific manner.
DISCUSSION
The data presented here reveal the presence of a novel biological function of APOE, represented by an epigenetically marked CGI that manifests transcriptional enhancer/silencer activities.
We first observed that APOE has a well-defined CGI overlapping with its 3 ′ -exon. CGIs are genomic regions comprising an unusually high frequency (i.e. observed to expected ratio) of Figure 5 . Enhancer effect of the APOE CGI in humanized APOE mice. (A) An outline of the genomic structure of the APOE locus in transgenic mice, including the human APOE gene Ex2-4. (B) Relative quantification of mRNA expression levels in neurons and astrocytes. Expression levels in each condition were normalized with an endogenous control (ACTB), and compared with 13 counterparts (set at 1.0) using the DDC T calculation. Each expression level was generated from at least four experimental replicates. Expression levels of APOE and TOMM40 between APOE haplotypes were compared by one-way ANOVA [APOE: neurons, F(2, 21) ¼ 8.5, P ¼ 0.002; astrocytes, F(2,12) ¼ 17.07, P , 0.001; TOMM40: neurons, F(2, 21) ¼ 5.07, P ¼ 0.016; astrocytes, F(2, 12) ¼ 1.46, P ¼ 0.27]. Pair-wise comparisons were made with a post hoc Tukey honest significance test ( * P , 0.05, * * P , 0.01, * * * P , 0.001). Error bars represent standard deviation from the mean (neurons, n ¼ 8; astrocytes, n ¼ 5).
CpG dinucleotides (39, 40) and representing one of the most critical regulatory elements in the human genome with major functional roles in gene expression and regulation (41) . The human genome consists of 50 000 CGIs, the majority ( 58%) of which overlap with repetitive sequence (42) . The remaining CGIs can be divided into four subgroups according to their relative position with known genes, i.e. the 5 ′ -(first exon/promoter overlapping), the 3 ′ -(last exon overlapping), the intragenic and the intergenic CGIs. The majority of gene body CGIs belong to the 5 ′ -CGI subgroup (43) , which are present in virtually all housekeeping genes (44) . In contrast, a 3 ′ -CGI, such as the one in APOE, is rare in the human genome, representing ,1% of total CGIs (36, 43) .
Here, we observed a high level of methylation across the APOE CGI. DNA methylation is an evolutionally conserved feature of the genome providing an additional layer of information content for biological processes, including embryogenesis, development, genomic imprinting, silencing of transposable elements and regulation of gene transcription (45) (46) (47) (48) (49) (50) . Previous studies with partial evaluations of DNA methylation at the APOE CGI have suggested a high methylation load of this CGI (51, 52) . In this study, we comprehensively characterized the DNA methylation profile of the APOE CGI in multiple human tissues. All of the samples analyzed were highly methylated (.75% average methylation) across the selected 75 CpG sites. The mean methylation level at each particular site ranged between 54 and 100%, with consistent up/down patterns between samples and tissues, suggesting inherent epigenetic regulation at the level of the individual CpG site. Although we found the patterns of the methylation profiles are clearly similar across PMB tissues, we detected significant brain regionspecific differences in the overall degree of methylation. Methylation levels were lower in the temporal lobe, frontal lobe and hippocampus, regions affected the most in AD. In contrast, the highest methylation levels were observed in the cerebellum, where pathological changes are not as profound in AD. These results suggest that a correlation may exist between the methylation levels of the APOE CGI and the vulnerability of AD risk in the brain. Although it is also possible that variables such as medication and/or comorbidities contribute to the methylation levels in our study samples; when possible, these variables should be accounted for in future studies regarding APOE methylation in AD. One limitation of this experiment is that the methylation profiles defined here were generated from tissue with multiple Figure 6 . Relative mRNA expression levels and their correlation with APOE CGI DNA methylation levels in PMB tissues. Expression levels of (A) APOE and (B) TOMM40 were normalized with an endogenous control (ACTB) and calibrated to expression levels in the frontal lobe (set to 1.0). Gene expression between tissues was evaluated by one-way ANOVA [APOE, F(3, 54) ¼ 3.48, P ¼ 0.022; TOMM40, F(3, 55) ¼ 13.41, P , 0.001]. Post hoc pair-wise comparsions were made using Tukey's honest significance test ( * P , 0.05, * * * P ≤ 0.001). Error bars were calculated using standard propagation of error methods. The average percentage of methylation, at the APOE CGI, for each PMB sample was correlated to gene expression of (C) APOE and (D) TOMM40. A positive trend was observed between levels of methylation and APOE expression that did not reach the cutoff value for statistical significance (Pearson's correlation, r ¼ 0.219, n ¼ 58, P , 0.098). A positive correlation between the levels of methylation and TOMM40 expression was observed (Pearson's correlation, r ¼ 0.347, n ¼ 59, P , 0.007). mixed cell types. Since glial cells are the most prevalent cell type in the brain, it is likely that these results reflect regional differences in APOE CGI methylation within astrocytes and possibly microglia. Given that neurons are the most critical cell type in AD, and such post-mitotic cells are susceptible to biochemical manifestations of environmental influences, further studies to determine the cell type-specific methylation patterns of the APOE CGI may prove crucial in deciphering the epigenetics of AD pathogenesis.
Interestingly, the 12/13/14 alleles of APOE alter the CpG load and methylation landscape of the APOE CGI. Such changes in CpG load are expected to alter the binding profiles of methyl CpG-binding domain proteins which bind specifically to the methylated DNA through their unique amino acid motif (53) . Moreover, the methylation status of exons can modulate exonic protein binding, which, in turn, can affect other biological processes such as pre-mRNA processing (54). Thus, inheritance of different 12/13/14 alleles in the APOE CGI might present different methylation landscapes, potentially altering protein binding, leading to diverse biological consequences, and possibly even influence the pathophysiological processes of diseases. Identifying APOE CGI-binding proteins with differential affinity for the 12/13/14 variants should provide more conclusive insight.
Since a major role for CGIs involves transcriptional programming and a partial fragment of the APOE exon 4 has been shown to carry enhancer activity (31), we hypothesized that the APOE CGI is a transcriptional enhancer that can regulate multiple genes in the APOE locus. Functional studies of the un-methylated APOE CGI in a reporter assay revealed the presence of diverse enhancer activities, an effect that was modified by cell type, the 12/13/14 alleles and the promoter haplotypes. This activity was more profound for the promoter of TOMM40 than for APOE, suggesting a major biological consequence of this APOE CGI in modulating expression of TOMM40.
Enhancer activity of the methylated version of the APOE CGI was also examined in a pCpG-free reporter assay system and a humanized APOE mouse model. Again, contrasting enhancer activities according to the cell type and the 12/13/14 alleles were observed, suggesting that the enhancer activity is present in both the un-methylated and the methylated version of the CGI. It should be noted that most enhancers in mammals are CpG-poor and tend to have low levels of methylation (55), with methylation sometimes leading to reduced enhancer activity (56) , findings that are in stark contrast to our observations. Nevertheless, our results strongly support the hypothesis that the APOE CGI is a genuine enhancer/silencer that can modulate transcriptional activity of multiple promoters (i.e. APOE, TOMM40 and hEF-1a), an effect that is present in both orientations (forward and reverse) regardless of its relative position (either upstream or downstream) of the target genes' promoter. More strikingly, the 12/13/14 allele variants can modify this activity in a promoter-, haplotype-and cell type-specific manner possibly through the altered CpG content and methylation landscape.
A plausible mechanism for this enhancer activity might be DNA looping, which brings both the enhancer and promoter close together increasing the local concentration of transcriptional factors and subsequently accelerating recruitment of RNA pol II (57) . Furthermore, with its potential trans-regulatory effect, the enhancer activity of the APOE CGI could extend into other diseases-risk associated genes located either distally to the APOE locus or on other chromosomes, and might explain better the APOE's strong association with diseases such as AD.
In this study, we focused on two gene targets (i.e. APOE and TOMM40) because of their known associations with AD risk. Independent studies support this line of reasoning. For example, the presence of the 14 allele alone is sufficient to alter apoE expression in the human brain (58) , and differential expression of the APOE transcript has been observed in different brain regions (59) . Our findings support this as we observed differences in APOE expression between the cerebellum and temporal and frontal lobes in the human PMB. Additionally, multiple studies have suggested an independent role of TOMM40 in AD risk, including interaction with APP (60), influx of Ab (61), association with AD age-at-onset (62), CSF AD biomarkers (63) and brain imaging phenotypes of AD (64) . It is possible that altered TOMM40 expression levels could lead to sub-optimized protein transport of mitochondria, which could be compounded by other damaging effects associated with advancing age, leading to mitochondrial dysfunction in AD. Thus, when studies report association of the APOE 12/13/14 alleles with certain disease phenotypes, one cannot automatically assume that the apoE protein isoform is the sole effector; other biological events such as the mitochondrial function, the gene regulatory network at the APOE locus and the aging-related DNA methylation drift are coming to the fore in disease association.
In conclusion, these new insights into APOE's structure and function do not diminish the importance of the apoE protein isoforms' role, but rather provide a more comprehensive picture of the complex pathophysiological involvement of APOE in diseases. Methylation of the APOE CGI and its 12/13/14 variants adds another layer of embedded biological instruction, possibly involving protein binding, chromatin remodeling and specific RNA regulation in an age-dependent course. Such epigenetic modifications are potentially reversible in a cell type-specific spatial and temporal manner. Deciphering the mechanisms driving epigenetic regulation and modification of the APOE CGI may shed light on potential interventions for AD, CVD and other aging associated disorders.
MATERIALS AND METHODS
Human subjects and animals
Human genomic DNA and PMB were obtained from the University of Washington (UW) Alzheimer's Disease Research Center after approval by the human subject institutional review boards of UW and Veterans Affairs Puget Health Care System. AD subjects were volunteers who were selected by clinical diagnosis during life and neuropathologically confirmed at autopsy. All AD subjects had moderate-to-frequent neuritic plaques in the neocortex by CERAD criteria and Braak stages equal to or greater than V. Control subjects were volunteers who were ≥54 years of age, were never diagnosed with AD and lacked AD neuropathology at autopsy. The population postmortem interval (PMI), Braak stage and amyloid plaque load are all described in Supplementary Material, Table S1 . Homozygous APOE 12/13/14-targeted replacement mice, 'humanized' at the murine APOE locus (65, 66) , were used with the approval of the UW Institutional Animal Care and Use Committee.
Tissue collection and processing
PMBs were removed, quickly dissected and flash-frozen at the time of autopsy. The PMI ranged between 2 h 15 min and 9 h 30 min and there was no significant difference between the average PMI for the AD versus control groups (Supplementary Material, Table S1 ). In brief, a mid-sagittal cut separated left and right hemispheres, with right-sided regions extensively sampled into tissue cassettes and immediately snap-frozen in liquid nitrogen. Frozen cerebellum, hippocampus, superior posterior temporal lobe and frontal lobe samples were stored at 2808C prior to DNA extraction and analysis. AD pathology was confirmed using histological staining of PMB. Whole-blood lymphocytes were collected at the time of clinical visit.
Cell culture
HepG2 (hepatocytoma cells), SH-SY5Y (neuroblastoma cells) and U118 (astrocytoma cell) (ATCC, Manassas, VA, USA) were cultured as previously described (32) . Murine primary glial cultures were generated from 0-3-day-old mouse cortices (67) . In brief, cortices were enzymatically digested and plated in 162 cm 2 flasks (Corning Incorporated, Corning, NY, USA) coated with poly-L-ornithine (Sigma, St Louis, MO, USA) and maintained at 378C with 5% CO 2 in DMEM/F-12 supplemented with 10% FBS (HyClone, Logan, UT, USA), 100 U/ml penicillin and100 mg/ml streptomycin (Invitrogen, Carlsbad, CA, USA). Microglia were removed by gentle shaking after 2 weeks in culture; the enriched astrocyte monolayer (.96%) was then trypsinized and re-plated onto six-well poly-L-ornithine-coated culture plates. Primary neuron cultures were generated from mouse cortices of 0-day-old pups. Dissected cortices were collected in Neurobasal medium (Invitrogen), gently disrupted, digested for 20 min at 378C using papain and DNAse I (Worthington Biochemical, Lakewood, NJ, USA), centrifuged, resuspended and passed through a 40 mM nylon strainer. Cells were resuspended in Neurobasal medium, with B27 and glutamine (Invitrogen) and plated into six-well poly-D-lysine culture plates (Sigma). Medium was replaced after 24 h followed by half-medium changes every 2 days until neurons formed extensive processes (10 days in vitro). Astrocyte and neuron cultures were gently washed with PBS and then collected using the manufacturer's isolation buffer for RNA extraction.
DNA and RNA extraction
Genomic DNA was isolated from frozen PMB tissues or wholeblood lymphocytes, using the QIAmp DNA Mini Kit and DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA, USA). Recombinant DNA plasmids were isolated and purified using the Tip-100 Ion-Exchange Column Kit (Qiagen). Total RNA was isolated from cell pellets and culture wells, using the RNeasy Extraction Kit (Qiagen). All procedures were performed according to the manufacturer's instructions.
Bisulfite Pyrosequencing
Bisulfite conversion of genomic DNA (500 ng each) was carried out using the Epitech Bisulfite Kit (Qiagen) according to the manufacturer's instruction. To control for conversion efficiency in bisulfite reactions, all DNA samples were converted in a single batch. Pyrosequencing assays were designed to evaluate the methylation status of 75 CpG sites within APOE exon 4, starting with the 11th CpG site (chr19: 45 411 858) and ending with the 85th CpG (chr19: 45 412 545). This region also covers the two SNPs (rs429358 and rs7412) that determine the 12/13/14 alleles. Five sets of PCR amplicons with 7 PCR primers and 13 sequencing primers (Supplementary Material, Table S2A ) were designed using the Pyromark Assay Design software, version 2.0 (Qiagen). Data quality toward the end of sequencing reads (.55 nucleotides) was low. To address this issue, we specifically designed multiple overlapping fragments with redundant Pyrosequencing reads and only reads that passed the software quality check control were included in the analyzed data set. Multiple reads at single CpG sites were accounted for in our statistical model described below. PCR was carried out with 100 ng of bisulfite-converted DNA, using the Pyromark PCR Kit (Qiagen) on GeneAmp PCR System 9700 (Applied Biosystems, CA, USA). The PCR reaction mixtures included 12.5 ml of Pyromark PCR Kit Master Mix (Qiagen), 2.5 ml of CoralLoad Concentrate (Qiagen), 1 ml ( 100 ng) of bisulfite-converted genomic DNA and 10 mM forward and reverse primers in a final reaction volume of 25 ml. PCR was carried out on GeneAmp PCR System 9700 (Applied Biosystems) with a thermal profile consisting of an initial denaturation at 948C for 15 min, followed by 55 cycles of 948C for 30 s, 568C for 30 s, 728C for 30 s and ending at 728C for 10 min. PCR products were purified using streptavidin-coated Sepharose beads (GE Healthcare, Piscataway, NJ, USA) to capture the biotin-labeled primer. The bound PCR product was denatured and annealed to the sequencing primer (0.3 mM) by incubation at 808C for 2 min. Pyrosequencing was carried out using PyroMark Gold Q24 reagents (Qiagen) on a PyroMark Q24 system (Qiagen), and data were analyzed using the PyroMark Q24 software, version 2.0.6 (Qiagen).
Quantitative RT-PCR
Total RNA was reverse-transcribed into cDNA using Superscript III reverse transcriptase (Life Technologies, Carlsbad, CA, USA) with random primers. RNA expression levels were determined by qRT-PCR, using TaqMan gene expression assays, TaqMan Universal PCR master mix and a 7900 ABI realtime instrument (Applied Biosystems). TaqMan assays (Supplementary Material, Table S3 ) were used to quantify mRNA levels of APOE, TOMM40 and ACTB. For mouse studies, each expression level was generated from two to six technical replicates on at least 4 different days (experimental replicates) from one (astrocyte) or two (neurons) biological replicates with ACTB as an endogenous control. The comparative C T method, also referred to as the DDC T method (Applied Biosystems), was used to calculate the fold changes in expression between the samples, and a relative quantification level was determined by comparing with its 13 mouse counterpart (set at 1.0). For human PMB studies, 14-15 independent samples were run in triplicate per brain region with ACTB as an endogenous control. Relative expression levels were determined by normalizing all brain regions to the frontal lobe (set at 1.0) using the DDC T method. In both human and mouse studies, all outlying technical replicates were omitted such that all coefficients of variation were ,1%.
Reporter constructs generation and transfection
To generate reporter constructs mimicking actual human haplotypes of the APOE locus, partial APOE CGI fragments (491 bp) containing 12/13/14 variants were separately cloned onto the 3 ′ end of the luciferase gene in pGL4. 10 [luc2] vector (Promega, Madison, WI, USA) using the In-Fusion Cloning Kit (Clontech, Mountain View, CA, USA). PCR fragments of both APOE and TOMM40 promoters and their variants were subsequently cloned onto the 5 ′ end of the luciferase gene, using the same cloning approach as previously described (32) .
For the methylation-related reporter constructs, a 1483 bp APOE CGI fragment was PCR-amplified from human genomic DNA and cloned onto the 5 ′ end of the hEF-1a promoter on the pCpG-free promoter vector (Invivogen, San Diego, CA, USA) (Fig. 4A) . Both forward and reverse orientations of the three 12/13/14 haplotype variants were cloned, and all inserts were validated by full sequencing. Primers are listed in Supplementary Material, Table S2B . The pCpG-free promoter vector and its derivatives were either mock-treated or methylated in vitro using SssI CpG methylase (2 U/mg DNA, New England Biolabs, Beverly, MA, USA) with S-adenosylmethionine (160 mM) for 4 h at 378C and purified by the GFX DNA Purification Kit (Life Technologies). A small portion was bisulfite-converted and sequenced to validate the methylation status of the inserts. PCR primers are listed in Supplementary Material, Table S2B .
To test the enhancer activity of the APOE CGI, a panel of luciferase reporter clones were generated, including 6 promoteronly constructs (APOE and TOMM40 promoters both with 3 variants: P1, P2 and P3) and 18 promoter-plus-enhancer combinations (6 promoter variants that match with the 12/13/14 variants of the APOE CGI), mimicking the haplotype structure of the human APOE locus (Fig. 3A) . Cells were plated in 96-well plates and transiently transfected 48 h later using the Lipofectamine 2000 reagent (Invitrogen) with the reporter plasmids (200 ng/well). Reporter activity of each construct is shown as a relative quantification calibrated against its promoter-only construct counterpart (set at 1.0) as previously described (32) . For the pCpG-free reporter assay, 12 additional reporter constructs (i.e. the APOE CGI with the three 12/13/14 variants in both orientations, with or without methylation) were generated. Reporter activities were determined 48 h post-transfection in the same three cell lines of HepG2, SH-SY5Y and U118, and activities were determined by mixing 50 ml of transfected cell supernatant with 200 ml of QUANTI-Blue reagent (Invitrogen, San Diego, CA, USA). After incubation at 378C for 20 h, AP activities were measured at 620 nm with a microplate reader (SpectraMax M2E, Molecular Devices, Sunnyvale, CA, USA), according to manufacturer's specifications. Reporter activity was calibrated against original pCpG-free promoter vector (set at 1.0).
Statistical analyses
We analyzed the methylation levels of 75 CpG sites from multiple tissues. The proportion of methylated cytosines was compared either across tissue types or by clinical diagnosis using linear mixed effect models (68) to account for repeated measures on a subject within tissue type across CpG sites, and also to account for possible multiple measures of methylation at a CpG site. Tissue type, CpG site and clinical diagnosis were treated as fixed effects, and subjects were treated as random effects. Proportions were transformed using the arcsine of the square root transformation to induce normality and homoscedasticity (69) . Post hoc pair-wise comparisons were adjusted for multiple comparisons using the method of Holm.
In reporter assays, we were unable to test for an interaction (using a two-way ANOVA) between the promoter and the enhancer haplotypes, given that these two variables were present in a prefixed single construct. Instead, a one-way ANOVA with post hoc tests was performed using a relative to promoter value to account for different promoter effects on expression. In the assay using the pGL4.10 vector, this approach assessed a difference between promoter -enhancer haplotype constructs relative to the promoter-alone constructs while taking into account multiple comparisons. Likewise, differences in AP activity between enhancer haplotypes, orientations and methylation states were assessed by one-way ANOVA in the pCpG-free promoter vector system. All post hoc statistical tests were computed by Bonferroni correction for multiple comparisons. For qRT-PCR experiments, gene expression levels were compared by one-way ANOVA and pair-wise comparisons were made with post hoc Tukey's HSD test.
Statistical analyses were performed using the Statistical Package for the Social Sciences (SPSS), version 18 (SPSS, Inc., Chicago, IL, USA), R, version 2.15.2, and the R nlme package (70) .
